Aims Root cortical aerenchyma (RCA) increases water and nutrient acquisition by reducing the metabolic costs of soil exploration. In this study the hypothesis was tested that living cortical area (LCA; transversal root cortical area minus aerenchyma area and intercellular air space) is a better predictor of root respiration, soil exploration and, therefore, drought tolerance than RCA formation or root diameter. † Methods RCA, LCA, root respiration, root length and biomass loss in response to drought were evaluated in maize (Zea mays) recombinant inbred lines grown with adequate and suboptimal irrigation in soil mesocosms. † Key Results Root respiration was highly correlated with LCA. LCA was a better predictor of root respiration than either RCA or root diameter. RCA reduced respiration of large-diameter roots. Since RCA and LCA varied in different parts of the root system, the effects of RCA and LCA on root length were complex. Greater crown-root LCA was associated with reduced crown-root length relative to total root length. Reduced LCA was associated with improved drought tolerance. † Conclusions The results are consistent with the hypothesis that LCA is a driver of root metabolic costs and may therefore have adaptive significance for water acquisition in drying soil.
INTRODUCTION
Drought is a primary limitation to global food production (Boyer, 1982; Tuberosa et al., 2007) . Moreover, crop drought stress is projected to intensify in important agroecosystems as a result of global climate change (Trenberth et al., 2007) . Root architecture is an important regulator of water acquisition under drought. Plants with longer and deeper roots have better access to water resources available at depth, and are therefore more prevalent among species found in dry environments (Sharp and Davies, 1985; Merrill et al., 2002; Ho et al., 2005; Moroke et al., 2005; Schenk and Jackson, 2005; Morison et al., 2008) . While plants generally allocate relatively more resources to the root system in response to mineral deficiencies and drought (Lynch, 2007a, b) , the absolute size of the root system may still be reduced. The physical location of roots is clearly important -roots are the pathways of water and nutrient uptake, and traits that optimize the co-location of roots with available resources will increase resource acquisition (Passioura, 1983; Ludlow and Muchow, 1990; Blum, 1996; Lynch, 1998 Lynch, , 2007a Ho et al., 2004; Benjamin and Nielsen, 2006; Tuberosa and Salvi, 2006; Songsri et al., 2008) .
Efficient utilization of metabolic resources for soil exploration is a key aspect of plant adaptation to soil resource limitation (Lambers et al., 2002; Lynch and Ho, 2005; Lynch, 2007a, b) . Metabolic resources allocated to the root have varying effectiveness depending on physiological, anatomical and architectural traits that affect their utilization (Lynch, 2007a, b) . Both construction and maintenance costs have an impact on the standing biomass of root systems, the volume of soil explored, and acquisition of soil resources (Lambers et al., 2002) . This has been demonstrated in the case of phosphorus (P) (Nielsen et al., 2001; Lynch and Ho, 2005) and nitrogen (N) acquisition (Robinson, 2001; King et al., 2003) . For example, increased specific root length (root length per unit mass) reduces root costs and increases soil exploration, especially in nutrient-limited environments where soil exploration is favoured instead of root longevity (Ryser and Lambers, 1995;  reviewed by Ryser, 2006) . A related mechanism to decrease the metabolic cost of soil exploration and augment the allocation of resources to the growing points of the roots is root etiolation, the preferential increase in root elongation at the expense of secondary development (De la Riva, 2010) .
Root cortical aerenchyma (RCA), i.e. enlarged air spaces in root cortical tissue (Evans, 2004; Gregory, 2006) , is formed constitutively and in response to a variety of stimuli including hypoxia, excess temperature, deficiency of N, S and P, drought, and mechanical impedance (Drew et al., 2000; Evans, 2004; Bouranis et al., 2006; Zhu et al., 2010) . RCA disproportionately reduces root respiration in both P-deficient and ethylene-induced aerenchymatous roots of maize (Zea mays L.) at the scale of root segments and whole plants (Fan et al., 2003) , and is associated with improved growth in low-P soil (Lynch, 2011) . Studies using the functionalstructural plant model SimRoot showed that RCA formation in common bean can increase P acquisition from low-P soil and that RCA formation in maize can increase acquisition of N, P and potassium by reducing the respiration and nutrient content of root tissue (Postma and Lynch 2011a, b) . Among contrasting maize inbreds, high RCA formation reduced root respiration, increased rooting depth, improved leaf water status, increased plant biomass, and substantially improved yield under drought (Zhu et al., 2010) .
By converting living root cortical cells to air space, RCA reduces the metabolic cost of soil exploration and therefore can improve soil resource capture. This suggests that the metabolic demand of living cortical tissue is an important determinant of root growth, soil exploration and soil resource capture. We propose that living cortical area (LCA, total cortical area minus RCA and intercellular air space) is a better index of root economy than RCA or root diameter alone.
In the current study, we have quantified the effect of aerenchyma and root diameter on root respiration, root length and root-type distribution in maize plants grown under wellwatered and water-stressed conditions. In addition to confirming a negative relationship between RCA and root respiration, we also corroborated the benefit of thinner roots in reducing the cost of root maintenance. We have demonstrated that LCA is an important determinant of soil exploration and water capture from drying soil.
MATERIALS AND METHODS

Plant growth conditions
We conducted three experiments in temperature-controlled greenhouses at University Park, PA, USA (40885'N, 77883 ′ W) in 2006, 2007 and 2011 . The first two experiments included six maize (Zea mays) genotypes, with contrasting formation of RCA, selected based on preliminary experiments (Jaramillo-Velastegui, 2011) in which we screened 21 recombinant inbred lines (RILs) from the intermated B73 × Mo17 (IBM) population (Lee et al., 2002; Sharopova et al., 2002) . The third experiment included nine RILs from the IBM population. In the first experiment, we tested these six contrasting RILs under moderate drought conditions, and measured root respiration in nodal roots, using four replicates. In the second experiment we tested four RILs under more severe drought conditions and measured root respiration in primary, seminal and nodal root samples. While five replicates were grown in this experiment, root anatomical measurements were only carried out for three replicates. In the third experiment, root anatomy and plant biomass data were collected from four replicates.
In all studies, seeds were surface sterilized with 10 % NaOCl for 1 min and rinsed with distilled water for 2 min. Seeds were germinated in 0 . 5 mM CaSO 4 for 48 h at 28 8C. Germinated seeds were then transplanted to mesocosms consisting of 155-cm-tall PVC cylinders 15 . 7 cm in diameter lined with sleeves made of 4-mil (0 . 116-mm) transparent hi-density polyethylene film. Each mesocosm received two germinated seeds, which were thinned to one plant per mesocosm after 2 d. The growth medium consisted of a mixture (volume based) of 50 % medium size (0 . 5-0 . 3 mm) commercial grade sand (Quikrete Companies Inc., Atlanta, GA, USA), 35 % horticultural vermiculite (Whittemore Companies Inc., Lawrence, MA, USA), 5 % perlite (Whittemore Companies Inc.) and 10 % topsoil. The topsoil was collected from a highfertility plot in the Russell E. Larson Agricultural Research Center in Rock Springs, PA (Hagerstown silt loam; fine, mixed, semiactive, mesic Typic Hapludalf, pH ≈ 6 . 7). A uniform volume (28 . 5 L) of the soil mixture was used in each mesocosm to ensure the same bulk density of the media. Before transplanting, all mesocosms were saturated with nutrient solution adjusted to pH 6.5 and consisting of (in mM): KNO 3 (3000), Ca(NO 3 ) 2 (1200), NH 4 NO 3 (400), MgSO 4 (500), (NH 4 ) 2 SO 4 (250), KH 2 PO 4 (100), KCl (50), H 3 BO 3 (25), MnSO 4 (2), ZnSO 4 (2), CuSO 4 (0 . 5), (NH 4 ) 6 Mo 7 O 24 (0 . 5) and Fe-Na-EDTA (50). The mesocosms were allowed to drain to assure field capacity at planting. In the first experiment the initial saturation was 8 L of nutrient solution, and in the second and third experiment this was reduced to 4 . 8 L. In the first experiment, the control mesocosms received 100 mL of deionized water daily, and the drought mesocosms received 100 mL three times per week for the first 2 weeks, and no irrigation in the second 2 weeks. To increase the drought stress in the second experiment, the drought mesocosms received 50 mL of deionized water every other day for the first week and then no additional irrigation, while the control mesocosms received 100 mL of deionized water every other day. In the third experiment the control mesocosms received 200 mL of deionized water every day, while the drought mesocosms received 100 mL daily for the first 4 d, and then received no further irrigation.
The . Average daytime temperature in the greenhouse was approximately 28 8C.
Harvesting and measurement of root respiration and net carbon exchange
Whole root respiration and net shoot carbon assimilation were measured 1 d before harvesting, 4 weeks after planting. We used a system of chambers connected to a Li-6200 infrared gas analyser (Li-Cor Environmental Inc.). In short, a 37-L (45 × 30 × 28 cm) transparent acrylic chamber (with a split base designed to seal around the stem of a plant) was placed around a single plant. The base of the chamber was carefully sealed around the stem of the plant with modelling clay to separate the headspace over the growth media from the enclosed airspace around the shoot. The chamber was hermetically sealed and connected to the Li-6200 with polyethylene tubing, and the air in the chamber was continually mixed with a small fan. The base of the chamber formed a seal against the top of the mesocosm, and was also fitted with polyethylene tubing connected to the Li-6200 to measure the respiration of the whole root system and the media. We employed the whole root system plus media respiration as a proxy for total root respiration, assuming that the amount of natural soil and the respiration of microbes is the same in all cylinders (Bouma et al., 1997a, b) . Carbon dioxide exchange of roots and shoots was measured for 1 min and 2 min, respectively, for each plant. The total decrease or increase of CO 2 concentration, barometric pressure and temperature and volume of the chambers used, were employed to estimate shoot photosynthesis (mmol CO 2 g 21 leaf dry matter s
21
) or CO 2 produced in the media (mmol CO 2 s
). The whole root system respiration values were divided by the total root length obtained by WinRhizo scanning (described below) to obtain the specific root respiration rate per unit of root length (mmol CO 2 m 21 root s 21 ). Instantaneous leaf-level photosynthesis and transpiration were measured using a Li-6400 portable photosynthesis system (Li-Cor Biosciences, Lincoln, NE, USA).
Four weeks after planting, plants were harvested by cutting off the shoot and removing the plastic sleeve from the supporting PVC cylinder. The plastic sleeve was then cut open and the roots were recovered by carefully rinsing the media away with water. Root segments, 20 cm long, were collected at 20-40 cm from the root tip for respiration measurements. In the first experiment these were taken only from the two longest nodal roots. In the second experiment samples were also taken from one seminal root and the primary root. The lateral roots in these samples were removed with a Teflon-coated razor blade and the samples were patted dry and placed in a 40-mL custom chamber connected to the Li-6200 infrared gas analyser. The container with the sample was kept at a stable temperature at 18 8C for 2 min while the respiration was measured. The remainder of the root system was stored in 25 % ethanol for further processing. The shoots were oven dried at 60 8C for 2 -3 d for dry-matter determination.
Root anatomical observations and root length
Root anatomy was characterized based on free-hand crosssections cut from root segments approx. 5 cm long, taken from the root sample used for respiration measurement (a 20-cm sample taken 20-40 cm from the tip of the longest nodal root present). The root segments were placed in a drop of water over dental wax and cut with Teflon-coated razor blades under a dissecting microscope [ protocol suggested by Rosemary White (CSIRO, Australia; http://roots.psu.edu/ ?q=en/node/151)]. The cross-sections were imaged with a Hamamatsu C2400 CCD camera attached to a Nikon Diaphot inverted microscope using ImageMaster (Photon Technology International, Birmingham, NJ, USA). Images were analysed using Image-J (http://rsb.info.nih.gov/ij/) and using RootScan, an image analysis tool developed for analysing root anatomy (Burton et al., 2012) . The area (mm 2 ) of the total root section, of the stele and of RCA was measured in 6 -12 different images per sample. Cortex area was obtained by subtracting the stele area from the total root section area and LCA was obtained by subtracting RCA from the cortex area. The percentage of cortical area occupied by aerenchyma was calculated by dividing the RCA area by the cortex area.
The rest of the root system was separated into primary, seminal and nodal roots. The length for each root type was quantified with a WinRhizo scanning system (Regent Instruments Inc., Quebec, Canada). Fine lateral root length was separated from main axis root length within each root class based on root diameter.
Statistical analysis
For comparisons between high and low RCA groups (or individual RILs), irrigation levels and the interaction between these main effects a two-way ANOVA was used. A protected least significant difference post hoc (a ¼ 0 . 05) test was used for multiple comparisons. We carried out correlations and linear regressions between shoot and root traits with RCA, LCA and root section area. Data were analysed using R version 2.11 (R Development Core Team, 2010), with ANOVAs fitted using the function 'Anova' from the package 'car' (Fox and Weisberg, 2010) .
RESULTS
LCA is influenced by root diameter and RCA
LCA was strongly correlated with root diameter in both 2006 and 2007 (Fig. 1A) , though the relationship differed between experiments (Table 1, P , 0 . 001). The relationship between RCA and LCA was quite weak (R 2 , 0 . 14; Fig. 1B ), but significant (P ¼ 0 . 0065 in 2006 and P ¼ 0 . 0337 in 2007). LCA was best predicted by including both root diameter and RCA (R 2 ¼ 0 . 989 for both years; Table 1 ).
Response of RCA and LCA to drought Drought treatment slightly decreased RCA (from 4 . 5 % to 3 . 2 %), but did not alter LCA (Table 2) differences in RCA between the different root classes for RIL 77; percentage RCA was greater in the primary roots than in crown or seminal roots (data not shown), but these differences did not extend to the other genotypes, and the response of RCA to drought treatment did not differ for root class.
LCA, RCA and root respiration Root-segment respiration was not well correlated with RCA in 2007 (Table 3) . Root diameter was a stronger predictor than RCA of root-segment respiration ( Fig. 2A and Table 3 ). LCA was also a predictor of root-segment respiration (Table 3) , with a slightly greater coefficient of determination than RCA (0 . 34 vs. 0 . 27). However, RCA was associated with substantial reductions in respiration of large-diameter roots, but not in small-diameter roots (Fig. 3) .
Root-system respiration (estimated by root and soil CO 2 production) was not correlated with RCA in 2007 (Table 3) . Increasing LCA or root diameter were both associated with greater root-system respiration, with root diameter having a slightly greater coefficient of determination (0 . 45 vs. 0 . 40; Table 3 ).
Although the relationship between LCA and the respiration of root segments was quite strong (Fig. 2) , LCA was quite variable in the RILs we used (Fig. 4) -variable both among root classes within a genotype (e.g. RIL 304 and RIL 77) and within a root class for some genotypes (e.g. RIL 331). Comparing across genotypes, crown-root LCA tended to be greater than seminal-root LCA, and primary-root LCA was most variable (Fig. 4) . In the 2007 experiment, we did identify combinations of genotype and root class that could be classed as 'high LCA' (crown roots from RILs 304, 331, 364 and primary roots from RIL 364) and 'low LCA' (seminal and primary roots from RILs 304 and 77). Root-segment respiration decreased from 0 . 519 to 0 . 378 mmol CO 2 s cm 21 for the 'low LCA' group (P ¼ 0 . 021).
RCA, LCA and root growth
Root length was not affected by RCA when high-and low-RCA RILs were compared (Table 4) or when percentage RCA was considered (Table 5 ). However, both RCA and LCA were associated with relative length of different segments of the root system. Genotypes with greater crown-root RCA had greater primary root-length fraction (Table 4) . Greater crown-root LCA was associated with a decrease in crown root-length fraction (Table 6) , and with a marginal increase in seminal root length fraction (P ¼ 0 . 072; Table 4 ). Drought treatment reduced the total root length in both years ( Fig. 5 and Table 4 ). When the 2007 experiment was considered alone, LCA was positively associated with total root length (P , 0 . 001; data not shown).
Relationships of RCA and LCA with above-ground biomass and drought tolerance There was no difference in the above-ground biomass of RILs classified as high RCA and low RCA (Table 4 ). There The model was LCA ¼ root diameter + RCA + year + root diameter × year.
† P , 0 . 1; ***P , 0 . 001. Degrees of freedom are shown as (numerator, denominator). was, however, a decrease in shoot biomass associated with increasing percentage RCA, and an increase in shoot biomass associated with increased LCA (Table 5 ). Both of these trends were significantly stronger in 2007 (Table 5) .
To assess drought tolerance, shoot biomass in the drought treatment was normalized by shoot biomass in the control treatment. There was no relationship between percentage RCA and relative shoot biomass, but genotypes with greater LCA were more sensitive to drought, as shown by relative shoot biomass (Fig. 6) .
Transpiration was not systematically affected by RCA, percentage RCA, LCA or drought treatment (Fig. 7) . There were significant differences in transpiration associated with genotype, and increasing percentage RCA decreased transpiration in water-stressed, but not in well-watered, plants. Leaf area was measured only in the second experiment, and was reduced in drought-treated plants (P , 0 . 01, data not shown). Response surface of the respiration of root segments from six IBM RILs with root cortical aerenchyma (RCA) formation and root diameter. The surface was generated using a loess smoother (using the R function loess with degree 2 and span 0 . 75r). The surface reflects 44 points, the two points with highest RCA (18 . 6 %) and largest root diameter (1 . 7 mm) were excluded as the density of data at those values was very low. 
DISCUSSION
Previous studies have associated reduced root metabolic costs with adaptation to low P availability. The production of RCA (Fan et al., 2003) , the relative abundance of metabolically lessdemanding adventitious roots in bean (Miller et al., 2003) 2006) have been related to longer roots and reduced P stress. RCA formation has also been associated with deeper rooting under drought and increased drought tolerance in maize (Zhu et al., 2010) . Simulation studies with maize and bean found that RCA increased soil exploration and nutrient capture (Postma and Lynch, 2011a, b) . Our study confirms the benefits of reduced root metabolic costs for water acquisition and reduction of drought stress, and identifies LCA as an important aspect of root metabolic cost. We show that metabolically efficient roots reduce the effects of drought stress as they do for P deficiency, but in this case by permitting access to deep soil water.
In previous work, we have focused on the relationship between RCA and root metabolic costs, reasoning that the loss of cortical cells during RCA formation reduces maintenance respiration, freeing resources for root extension (Fan et al., 2003; Zhu et al., 2010; Postma and Lynch, 2011a, b) . Here we focus on a major component of the cost of the roots, LCA, representing the remaining living cortical cells.
LCA should be a more direct predictor of root respiratory costs than RCA since it takes into account the differing cortical areas among root classes, genotypes and treatments. LCA is the cross-sectional area of living cortical cells. LCA should be proportional to root diameter (Fig. 1A) with error resulting from variation in stele area, non-circularity of roots and measurement error, and LCA should be inversely proportional to RCA (Fig. 1B) . Since stele area was a relatively low fraction of the root cross-section area (17 %) and was not highly variable (95 % of values fell between 13 and 22 % of root crosssectional area), LCA should be very well predicted by root diameter and RCA, as was the case in this study ( Table 1) .
The relationship between root metabolic costs and LCA should be strongest in older roots, where RCA formation is expected to be greatest. Conversely, in younger roots, metabolic costs should be more strongly related to root diameter. Our results generally conform to this pattern. Root-segment respiration (of older, more basal root segments) was marginally more correlated with LCA ( Fig. 2 and Table 3 ), while whole root-system respiration, which integrates roots with and without RCA, was marginally more correlated with root diameter (Table 3 ). We do note that none of these models are highly predictive, and differences between them are small. However, their conformation to expectation is noteworthy. Variability in root-segment respiration likely reflects both differences in stele area and metabolic activity as well as measurement error. Since variability in the stele area was not associated with irrigation treatment (data not shown), there is no reason to suspect that these sources of error should be biased. Zhu et al. (2010) , working with some of the same genotypes as in our studies, but focusing only on RCA formation, observed in greenhouse and field environments that RCA formation improves drought tolerance. In our observations, genotypes with high RCA formation can have lower LCA than would be expected based on root diameter (i.e. points that fall below the regression lines in Fig. 1A correspond to points that are toward the right edge of Fig. 1B) . The RILs used in these experiments did not show significant differences in RCA area or LCA associated with water availability, but there was a small decline in percentage RCA in water-stressed plants ( Fig. 7 and Table 1 ). If RCA formation increased under drought, as reported by Zhu et al. (2010) , then plants would be able to reduce their cortical burden under stress and possibly support increased root length. We note that Zhu's results are from field-grown plants harvested at 55-70 d after planting, while our plants were harvested at 28 d and experienced less severe drought stress.
One possible mechanism by which lower LCA could increase drought tolerance is by permitting enhanced root growth, as carbon and nutrient savings from reduced root metabolic demand could be allocated into enhanced shoot and root growth, and ultimately increase root depth. In these experiments, total root length was not altered by RCA, percentage RCA or LCA (Table 3 ). There were, however, shifts in root length among root classes associated with RCA and LCA. Increased crown-root LCA was associated with reduced relative crown-root length (Table 3) . Similarly, genotypes with low crown-root RCA had reduced relative fine-root length and relative primary-root length compared with high RCA genotypes (Table 3) , which agrees with previous reports that increasing RCA can enhance root growth (Fan et al., 2003; Zhu et al. 2010 ). While we did not observe increased root length associated with lower LCA, we note that such a response would rely on growth feedback and so may be difficult to detect as early as 28 d after planting. For example, Postma and Lynch (2011b) reported a doubling of the effect of RCA on total dry weight between 28 d and 40 d. We did not observe a regular, predictable production of RCA among the selected IBM RILs. For instance, RCA in RIL 364 varied from 0 % to 15 % in these experiments (Fig. 7) . In the work of Zhu et al. (2010) , RIL 364 produced the greatest root length in deeper soil layers under drought in the field, and also showed a substantial increase in RCA under drought. RCA plays a role in the reduction of metabolic costs with thick roots, e.g. IBM RIL 77 had thick crown roots and relatively high and constant RCA in all tests; this material might benefit from increased RCA. Large root diameter and therefore high LCA may be advantageous in drying soil, since drying soils often become harder and the ability to penetrate hard soil is related to root diameter (Bengough et al., 2011) .
In this study, drought did not alter transpiration on a leaf-area basis, but did reduce both above-ground biomass and leaf area (Fig. 7) . Considering both experiments with these IBM RILs, RILs 364 and 77 have several traits that reduce the metabolic cost of water acquisition, with moderate to high production of RCA, and without major reductions in RCA in drought conditions (Fig. 7) . RIL 77 has relatively low LCA for all root classes (Fig. 4) . RILs 364 and 77 show relatively minor reductions in above-ground biomass and leaf area (Fig. 7) , and only minor reductions in root length in response to drought (Fig. 5) . Seminal roots have previously been related to the drought response of maize (Sharp and Davies, 1985) and other cereals have shown better adaptation to drought when longer seminal roots are present. Seminal root length has been associated with timing of water use rather than metabolic efficiency (Richards and Passioura, 1981; Passioura, 1983; Richards, 2006) .
In this study we have shown that while RCA formation can reduce root respiration of large diameter roots, LCA is a stronger predictor of root respiration than either RCA or root diameter. We have also shown that plants with lower LCA suffered less growth reduction by drought treatment. Since LCA is total cross-sectional area less stele area less RCA less intracellular air space, root diameter, stele diameter and RCA formation all should affect LCA. The effect of these and other anatomical traits on root respiration costs and plant tolerance to drought and other edaphic stresses is worthy of further exploration.
